Hydroxide ion transport and structure in aqueous media is fundamental to many chemical and biological processes. Research on hydroxide behavior has primarily focused on a single fully solvated hydroxide, either as an isolated cluster or in the bulk. This work presents the first computational study to consider a medium of low hydration levels where the hydroxide ion is microsolvated. Under such conditions, hydroxide ions are shown to be predominantly present as unique water-bridged double-hydroxide charged clusters, distinct from previously reported structures under hydrated conditions. Although layered double hydroxides were reported in the crystalline state, this is the first time to be seen in the disordered liquid state. These newly observed double-hydroxide structures presumably disrupt the hydrogen bonded network required for structural diffusion of hydroxide ions through water. These ion complexes have a higher ionic strength which may explain the unexpected diffusion behavior in comparison to the single hydroxide-water complex.
measurements of NaOH solutions to estimate the coordination number of OH -at infinite dilution as 5.5. Botti at el. 10 corrected this value using neutron scattering and molecular modelling to 3.9
neighboring oxygens per hydroxide, in accord with the classical Lewis acid evaluation of OH -having three accepting hydrogen bonds (HBs) using the three lone atom pairs and one donating bond 5 . However, density functional theory (DFT) -molecular dynamics (MD) simulations carried out by Tuckerman -, so that the high coordination numbers measured are in fact a result of averaging the first solvation shell of the two oxygens around the dimer anion.
Due to the added effect of structural diffusion, hydroxide (and hydronium) show large mobility in bulk. While for hydronium a simple mechanism of chain proton transfer was found to explain both qualitatively and quantitively this behavior (i.e., the Grotthuss mechanism) 6 , applying the exact mechanism to hydroxide ion results in inaccuracies both in structure and diffusion coefficient 13 . Depending on the functional used, two different mechanisms of structural diffusion using proton transfer were observed 13 . The first is the Grotthuss mechanism, where a proton transfers along a chain of OH -(H2O)3 complexes which resulted in a diffusion coefficient an order of magnitude higher than the experimental value. The second mechanism involves a water molecule leaving the hyper-coordinated structure, the transfer of a proton from one of the water molecules in the first solvation layer, and recreation of the hyper-coordination around the new center of charge. The latter mechanism predicted a diffusion coefficient closer to the experimental value. Agmon 7 on the other hand, explained hydroxide mobility using a unified model similar to hydronium, where the dimer anion discussed above is the facilitating structure for proton transfer.
However, little experimental data is available to corroborate the various predictions of these first principle models.
The focus of these studies was mostly on a single hydroxide ion in bulk water. Hydroxide ion structure and transport under microsolvated conditions, where there is not enough water to fully solvate the hydroxide ion, has not yet been reported, to the be best of our knowledge. While very little attention has been paid to hydroxide ions in low hydration levels, several practical systems work in this particular environment. Microsolvation can occur naturally in non-aqueous systems where water is present as an impurity, or in hydrated environment where water is constantly consumed by chemical or electrochemical reaction 2 . Performance and stability characteristics of these systems are significantly affected by the very low hydration medium. For instance, it has been recently shown that the high hydroxide reactivity observed in experiments on quaternary ammonium (QA) cations results from the lack of full solvation of the hydroxide ions 14 .
In spite of the increasing importance of these systems, to date hydroxide ion structure and transport in low hydration levels have not been studied.
In this work, we focus on hydroxide and water transport in in low hydration media, relating the local structures of hydration and hydrogen bonding with the macro view of hydrophilic clusters and the diffusion coefficient. We investigate the behavior of hydroxide ions in a model QA system under such conditions using atomistic MD simulation. Focusing on hydroxide-water interactions, we investigate the hydroxide ion structure at hydration levels ranging from full water solvation to microsolvation and anhydrous conditions. Implications of our findings towards hydroxide transfer dynamics of the solvated complexes are discussed. To the best of our knowledge, this is the first time the behavior of microsolvated hydroxide is investigated.
Results and Discussion
When solvated, hydroxide ions diffuse via a combination of structural and vehicular diffusion 5, 6 . However, the diffusion mechanism of hydroxide ions under microsolvated conditions is still unknown. Such conditions have been shown to be critical in determining the properties of anionic conducting polymers 2 . Diffusion coefficients for water and hydroxide in the ternary system consisting of (1) water, (2) hydroxide, (3) and benzyl triethylammonium (BTEA + ) cation, for various degrees of hydration (defined as water:hydroxide ratio, or λ) is plotted in Figure 1 .
Hydroxide ion diffusivity for the entire range of hydration levels is shown for the first time, to the best of our knowledge.
As expected, diffusivity rapidly decrease as hydration decreases 15 . A decrease of around two orders of magnitude is seen between values of diffusivity in bulk and in ultra-low hydration conditions. Remarkably, the decrease in diffusivity is not uniform along the hydration scale, and below a certain value of λ, diffusion deviates from the expected behavior. Two distinct diffusivity zones are observed: diffusion at a low hydration level (4 < λ < 15), and diffusion at an ultra-low hydration level (λ < 4). Prediction of the free volume diffusion model (described in Methods) are shown in solid lines. The model successfully captures the variability in the diffusion, as well as predicts the knot value of free volume separating the two distinct diffusivity zones (ca. λ = 3-4).
Model fit to equation (4) (see Methods) and corresponding knot values, activation energy, the critical free volumes, estimated errors, and R 2 values are tabulated in Supporting Information Table   S1 . Very good agreement is observed for the diffusivity of the water. The difference between the calculated diffusivity and reported experimental diffusivity of the hydroxide ion may be due to the absence of structural diffusing in the classical model. However, as we will argue below, vehicular diffusion is likely to dominate at low hydration. 16, 17 .
Figure 1. Simulated diffusion coefficients of water (squares) and hydroxide ion (triangles) for various hydration levels. Filled symbols correspond to simulations carried out at 313K. Solid lines correspond to the free volume diffusion model given by equation (4). Dashed lines correspond to the diffusion coefficients calculated at bulk aqueous conditions. Open symbols correspond to experimental bulk data measured at 298K
The different diffusion regimes at low and ultra-low hydration levels shown in Figure 1 are believed to be an outcome of the different structure of water-hydroxide complexes. Figure 2 shows the average number of HBs per hydroxide ion and water, at different hydration levels. For hydroxide, at ultra-low hydration levels a steep rise in the number of HBs is observed with increasing λ. In addition, the number of HBs per hydroxide ion saturates at ~4.5 HBs around λ = 6-8, in agreement with several computational predictions for hydrated (hyper-coordinated) hydroxide 13, 18 . For water, on the other hand, HBs begin to evolve only around λ = 2. However, even at relatively high hydration (λ = 15), the number of HBs is still far from the bulk value of 1.9
and reported simulation results 2.08 HBs 19 .
Figure 2. Average number of hydrogen bonds per OH -and per water molecule as a function of λ. Dashed lines are values simulated at bulk conditions.
Marcus 20 summarized the effects of different ions on the HB structure of water. Simulation of tetramethyl ammonium in dilute (λ = 750) water solution 21 found that while the water oxygenoxygen radial distribution function does not change with the addition of QA, the HB angle Careful observations of the HB network of the clusters at the ultra-low hydration regime reveals two recurring divalent structures composed of two hydroxides bridged by two or three water molecules -a (quasi) planner rhombus (O4H6 2-) and a trigonal dipyramid (O5H8 2-). These structures correspond to the spherical hydrophilic clusters seen in Figure 3 and act as nodes which are interconnected by elongated regions that correspond to a network of hydrogen bonded water molecules. DFT geometric optimization was used to confirm the stability of these structures at 0K.
The optimized rhombus and dipyramid double hydroxide structures are shown in Figure 4a -4b. Figure 4c shows the optimized classical structure of hydrated hydroxide O5H9 -for comparison.
Surprisingly, the rhombus and dipyramid structures are of higher ionic strength (estimation included in supplementary information) than the conventional single hydroxide hydrated structure (O5H9 -). We note that the rhombus structure was previously observed experimentally in the crystalline state of tetraethylammonium hydroxide pentahydrate 26 at a temperature of 213K, while the trigonal dipyramid was observed in hybrid quantum mechanics/MD simulations in bulk water without counter ions
Figure 4. Structures of geometrically optimized water-hydroxide ion complex: (a) O4H6 2-rhombus double hydroxide, (b) O5H8 2-trigonal dipyramid double-hydroxide, and (c) hyper-coordinated O5H9 -single hydroxide coordinated by 4 water molecules (as predicted by Tuckerman et al. 13 ). Schematics representing the geometric shapes were constructed using Wolfram Mathematica 11.3. Hydroxides are displayed in yellow, water oxygens in red, and water hydrogens in white.
Notably, most of the current research on hydroxide transport in aqueous medium focuses on the hydration of single hydroxides or dilute solutions 5, 13, 28 , hence the water bridged doublehydroxide structures, O4H6 2-and O5H8 2-, have not been reported in this context since these will be entropically less favorable. The presence of a strong positive QA supporting charge in the concentrated ionic system under consideration compensates for the increase in coulombic repulsion in these double-hydroxide structures. Interestingly, in a study of hydroxide transfer in QA-functionalized membrane at intermediate hydration, Voth et al. 29 concluded that most of the hydroxide transport takes place in the first solvation layer of QA, and that a considerable from previous layers. It is important to note that these plots do not imply hydrogen-bonded atoms, which require a higher order correlation. Nonetheless, the structure of water around hydroxide is illuminated using the correlation g(r)Oh-Hw of the hydroxide oxygen and water hydrogen ( Figure   5b ). While the most probable distance (highest peak) of finding a water molecule around the hydroxide remains roughly the same for all hydration levels, the population of water molecules within this first shell (r = 1.5-2.4Å) changes with hydration, indicated by the corresponding plateau in CN(r). We note that while CN(r) for the first hydration shell (first plateau in Figure 5a ) under bulk conditions is 6, only 4 of these are actual HBs (see Figure 2 ).
Figure 5. Running coordination number CN(r) for (a) Oh-Oh (hydroxide oxygen and hydroxide oxygen) and (b) Oh-Hw (hydroxide oxygen and water hydrogen). Corresponding radial distribution functions g(r) are shown in the insert on the top left; illustration of the measured distance is shown in the insert on the bottom right.

(a) (b)
The radial distribution of hydroxide oxygens (Figure 5a ) allows us to quantify the extent of the water-bridged double hydroxide structures. It is seen that for ultra-low hydration numbers there is little correlation between the hydroxides, but as hydration increases a peak around 4Å
emerges with a value of CN » 1.2. This distance is associated with the water-bridged hydroxide structures shown in Figure 4a -4b. As hydration is further increased beyond λ = 6, the frequency of appearance of these structures diminishes (CN decreases). At λ = 15, CN drops to 0.7, and drops further to 0.1 in bulk. That is, hydroxides in bulk water are more likely to be isolated and uncoordinated from each other, as a priori assumed by previous computational studies which focused on single hydroxide in various degrees of hydration 7, 11, 13, 28 . The occupancy of these waterbridged ionic states relative to the occupancy of non-correlated states is clearly a function of hydration, and is probably influenced by the type of cation 10, 22 . Indeed, the population of hydroxide-water complexes was shown to be influenced by the cation type for alkali hydroxides 12 .
In the system under consideration, bridged states are not observed at ultra-low hydration levels due to the strong correlation with the ammonium cations. As hydration increases, the hydroxide is shielded by its hydration layer and the occupation of the bridged structures increases. As the ion concentration gets further diluted, the bridged hydroxide-water structures are entropically less likely to occur.
The occurrence of these newly observed hydroxide ion structures is likely to dramatically influence the diffusive behavior of hydroxide at low hydration, so that its dynamic properties should be viewed as an ensemble average of the two forms. Although structural diffusion was not studied in this work, the dominance of the bridged structure at ultra-low hydration suggests that the mechanisms proposed by Agmon 7 and Tuckerman 13 would be less prevalent under these conditions, either due to the added enthalpy required for separating the two hydroxides, or due to the highly coordinated mechanism needed to achieve the required configuration for structural diffusion.
Conclusions
Atomistic molecular dynamics simulations were used to study the structure and transport of hydroxide ions in water under a wide range of hydration conditions in the presence of quaternary ammonium cations. Low and ultra-low hydration conditions are shown to be dominated by a largely unexplored water-bridged double hydroxide ion structure for which dynamic properties are unknown. In this work, hydroxide ion diffusivity in the ultra-low hydration regime was explored for the first time, revealing the existence of two distinctive diffusive regimes whose transport properties are likely to be strongly influenced by the population of these water-bridged double hydroxide structures. A revised free volume diffusion model describes the simulated data. A newly found transition in the diffusivity of hydroxide and water was revealed at hydration levels around λ = 2.5-4, indicating different diffusive behavior between the ultra-low and low hydration regimes, with important implications towards hydroxide ion behavior under microsolvated conditions.
Several parallel processes associated with hydration were identified. The ultra-low hydration regime was characterized by isolated small hydrophilic clusters whose lack of connectivity limits diffusion. This hydration regime is dominated by the water-bridged double hydroxide structures, which were found to be of higher ionic strength than the hydrated single hydroxide structure. At higher hydration levels (λ > 4), diffusivity transitions to a different regime as hydrophilic regions percolate and a hydrogen bonded network is formed. The water-bridged double-hydroxide ion structures diminish in their concentration with further hydration but are still prominent.
In summery, in low and ultra-low hydration media, we found an unusual hydroxide ion structure and diffusion behavior. Our results show that in this medium, the microsolvated hydroxides are structured as unique water-bridged double-hydroxide ions. We expect that vehicular diffusion should dominate in this microsolvated ion regime, and will be higher than that expected for a simple single hydrated ion. Our findings bring new light to the transport mechanisms of hydroxide ions in systems with low water content.
Methods
Molecular Dynamics Simulation
We studied the behavior of BTEA + (3) hydroxide (2), shown on the right, under different hydrated conditions. The ions were modeled with the OPLS force field 30 and water was modeled with TIP5P 31 (TIP5P was selected for its good accuracy in modeling diffusivity 32 ). MD simulations were carried out using LAMMPS 33 . Cation:water ratios of 1:0-1:15 (corresponding to hydration levels of 0 ≤ λ ≤ 15) were considered, as well as dilute conditions (λ≈100-200). Initial configurations of the ionwater system were constructed using the enhanced Monte Carlo (EMC) code 34 . The system was equilibrated at three temperatures (313, 333, and 353K) and at 1 atm under isothermal-isobaric ensemble using the Nosé-Hoover algorithm 35, 36 for the thermostat and barostat, with the recommended time constants of 100 and 1000 fs, respectively. Cutoff for the pair interaction potentials was taken as 9.5Ǻ. PPPM long-range correction 37 for Coulombic interactions was used with 10 -3 relative error. The system was equilibrated for 1ns using 1fs integration time-step.
Analysis was carried out under the canonical ensemble for trajectories recorded over the course of 2 ns.
(3) (2)
Diffusion Model
Two approaches are often used to describe the functional form of diffusion within this kind of systems. The thermodynamic approach (which utilizes the Onsager transport coefficients , i.e. Janssen 38 , used for proton conducting polymeric systems) and the kinetic approach based on the concept of free volume diffusion 39 , adapted for a two-component system (polymer and solvent) by
Vrentas and Duda 40 . The kinetic approach was recently expanded for multicomponent systems by Ohashi 41 , using a framework based on collision theory. We base our calculations on the kinetic approach due to its simplicity, direct relation to molecular properties, and direct functional dependence on external factors, such as free-volume.
Diffusivity of the water, hydroxide and ammonium ions were evaluated using the mean square displacement (MSD) and a time lag method 42 using VMD's diffusion_coefficient plugin 43 ,
where τ is the time, δ is the time lag, Np is the number of particles, Nτ is the number of time lags, and ri is the vector from the origin. The diffusion coefficient D was then calculated from equation (2) as the average of ten largest lag times. A 95% confidence interval was calculated, and typical values were smaller than 1% of the average diffusion coefficient value.
Diffusion coefficients were fitted to the free volume diffusion model (Macedo and Litovich 39 ) for various liquid types including hydrogen bonded liquids, given by:
where D0 is the pre-exponential factor, E is an activation energy, R is the universal gas constant, T is the temperature, B is a specific critical free volume which also accounts for overlap of penetrate molecules, and φ is the average free volume fraction.
Multiple linear regression was used to fit equation (2) divided by the reference diffusion coefficient at 25°C 16 on a log-log plot. The mobile phase volume ratio was used in place of the free specific volume, which in our system is the combined volume of water and hydroxide (molecular volumes were estimated using Voronoi tessellation using LAMMPS compute voronoi/atom based on VORO++ code 44 ). Multiple linear regression for a single curve showed a parabolic shape for the residuals, indicating the actual data is better described using a piecewise linear regression model 45 . A "dummy" variable was added to the regression curve using a switching variable for the reciprocal hydrophilic volume. The knot value was used to maximize R 2 as a good measure of fit. The complete model used is given by:
where Dref is the diffusion coefficient (self or tracer) in pure water at 298K, f * is the knot value binding the two curves together, B * is the addition to the specific free volume above the knot value, the index i runs over the piecewise regressions, fi2 is a switching variable, and εi are independent errors with zero mean. The fitted coefficients, regression statistics, residual plots, and normal probability plots are presented in the supplementary information.
The average number of HBs per hydroxide and per water was calculated using geometric method in VMD (measure hbonds command). HBs were defined according to distance and angle
constraints of r(O•••O)<3.5Å and ∠(O•••O-H)≤30°1
9,46 , respectively. The internal structure of the system was investigated using pair distribution functions 47 for the oxygen, hydrogen and nitrogen * 0 2 * 1 1
